Luminescence studies have been performed on phosphorous-doped diamond films deposited by hot-filament chemical vapor deposition. A broad luminescence band, centered around 1.9 eV is revealed, in the cathodo luminescence spectra of homoépitaxial and polycrystalline films, whereas the blue band*A luminescence, which is characteristic for undoped diamond, is quenched in the presence of phosphorus. The 1.9 eV luminescence band could not be excited by A r+ laser light (2.54 eV) and did not show a zero-phonon line in the spectrum. Therefore, we suggest that this band is a red form of band-A luminescence, related to electron-hole recombination at substitutional phosphorous and a phosphorus-vacancy complex.
INTRODUCTION
Incorporation of phosphorus in diamond has been stud ied extensively/ with the purpose of obtaining n~type conn duction in diamond, but the results are inconsistent. From electron paramagnetic-resonance spectroscopy on phosphorous-doped polycrystalline diamond films, it has been observed that phosphorus in diamond forms impurityvacancy complexes. In contrast to this, Zvanut et al. have found that phosphorus incorporates substitutionally in diamond,3 as was predicted from ah initio pseudopotential calculations with plane wave methods.4 The donor level ac cording to these calculations is located at 0.2 eV below the conduction band. On the other hand, from local density ap proximation cluster calculations a donor ionization energy of 1.09 eV is found.5 Experimentally, donor energies for phos phorus in diamond between 0.1 eV (Ref. 6) and 1,16 eV (Ref. 7) have been reported, although it is believed that the first result most probably can be attributed to nondiamond sp2-bonded components at the grain boundaries. Further more, all electrical measurements on phosphorous-doped diamond reveal high resistivities,8" 10 instead of n-type con duction. A satisfying explanation for the absence of this -type conduction has not yet been given, although several possibilities are considered. 10 The optical activity of phosphorus in diamond has been studied recently by Prins. He observed quenching of the blue band-A signal in cathodoluminescence spectra of type lia diamond after implantation of phosphorus ions.,J In the present study, it is shown that in our chemically vapor de posited diamond films not only the blue band-A lumines cence is quenched, due to the presence of phosphorus, but also a new transition has been revealed in cathodolumines cence (CL) spectra. This luminescence band has also been observed in the CL spectra of nitrogen-phosphorouscodoped diamond by Cao et a l H) In their paper, it was asa)Present address: Philips Analytical X-Ray, Lelywcg 1, 7602 EA Almelo, The
Netherlands; Electronic mail:
Hans.ieNijenhuis@AXR-cribed to the nitrogen-vacancy related vibronic band with the zero-phonon line at 1.945 eV. However, this vibronic band can only be observed in photoluminescence (PL) spectra and not in C L spectra.12 In this study we show that the newly found transition is not a vibronic band, but can probably be ascribed to electron-hole recombination at a donor-acceptor pair. Since the properties are comparable, it is suggested that this new transition is a red variant of the well-known band-A luminescence*
EXPERIMENT
The phosphorous-doped diamond films have been grown in a conventional hot-filament chemical vapor deposition (CVD) reactor, operating at a total pressure of 50 mbar,10 The gases used for the diamond deposition process were hy drogen and methane (4.5N) diluted in hydrogen (10%). For phosphorus doping, phosphine (PH3) diluted in hydrogen (1000 ppm), was used. Silicon and single-crystal natural dia mond were used as substrate materials. The single crystal silicon wafers were (100) oriented, whereas the diamond substrates were type Ila (100)7°(110) oriented crystal plates. Typical growth conditions for diamond films are as follows: the filament temperature was 2500 °C, the substrate tempera ture was 800 °C The volume fraction of methane in the gas phase was 2% at a total flow rate of 300 seem. The phos phine volume fraction was varied between 0 and 60 ppm. ALM.IE.philips.com
RESULTS
The CL and PL experiments were performed as de scribed by Cao et a l 10 The C L spectra have been recorded at room temperature and at 77 K. The PL spectra were recorded at 77 K; no PL signal could be detected at room temperature.
Raman spectroscopy showed that the phosphorous-• 1 d oped, polycrystalline diamond films are of a high quality. * CL spectra of polycrystalline diamond films. Room tempera tures deposited with four different phosphine concentrations, are shown in Fig. 1 . In these spectra the emission from the plasma in the C L chamber is denoted by P. In the spectrum of the undoped sample (0 ppm PH3) only a broad peak with FIG. 1. CL spectra, recorded at 300 K, of four polycrystalline diamond layers, grown with phosphine concentrations in the gas phase as indicated. The plasma lines are marked by P. The intensities are multiplied by the factors as indicated.
its maximum at 2.6 eV is observed: the blue band-A emis sion, which is characteristic for undoped CVD diamond.14 In the spectra of the phosphorous-doped samples, the intensity of this peak decreases and finally at a concentration of 60 ppm PH3 the blue band-A luminescence is hardly visible in the spectrum. On the other hand, in these spectra an in tense red luminescence band centered at 1.9 eV starts to evolve. Furthermore, a sharp line at 1.681 eV is observed in the CL spectra. This line is related to incorporation of silicon during growth.12 The 1.9 eV luminescence band could not be excited by an Ar+ laser light of 2.54 eV, as is shown in the PL spectrum in Fig. 2 ; in this spectrum only the siliconrelated emission is observed. Therefore, our 1.9 eV emission does not have the same origin as that observed in type lib boron-doped synthetic diamond by Freitas et aL,[5 which al ready could be excited at laser energies of 2.41 and 2.33 eV.
A comparison of CL spectra of phosphorous-doped and nitrogen-doped homoepitaxial diamond is shown in Fig. 3 . The nitrogen-doped diamond sample is a homoepitaxial layer grown by acetylene-oxygen combustion-flame diamond deposition. 16 In the CL spectrum of this layer, a zero-phonon line is observed at 2.156 eV (the so-called 575 nm system) with the phonon-emission spectrum at lower energies. Col lins and Lawson17 have concluded that this optical center is related to single nitrogen-vacancy pairs. This zero-phonon line is absent in the CL spectra of the phosphorous-doped diamond layers (see Figs. 1 and 3) , showing that the 1.9 eV band observed in phosphorous-doped diamond is different from the nitrogen-related 575 nm system. The fact that the red luminescence band is also observed in homoepitaxial, phosphorous-doped diamond demonstrates that it is not re lated to the presence of grain boundaries in polycrystalline diamond. Because of the presence of the phonon-emission spectrum of the 575 nm system, it is not possible to conclude that the 1.9 eV emission band is totally absent in nitrogendoped diamond; some overlap of these two spectra may oc cur. However, one can conclude that in the spectra of phosphorous-doped diamond in the absence of nitrogen, where the zero-phonon line at 2.156 eV is not present, the 1.9 eV emission band is observed as an isolated system, without any overlap of other emission spectra.
Another indication that the 1.9 eV emission band does not originate from the presence of nitrogen in the diamond lattice is obtained from a comparison of the PL spectra of phosphorous-doped, nitrogen-doped, phosphorous-nitrogen codoped, and undoped polycrystalline diamond, as is shown in Fig, 4 . In the samples in which nitrogen is present [(a) and (b) in Fig. 4 ] two broad emission bands centered at about 1.5 and 1.7 eV are observed. In the undoped and the phosphorous-doped samples [spectra (c) and (d) in Fig. 4 ] again only the silicon-related line at 1.681 eV is observed. This shows that the broad band in the PL spectra in nitrogendoped diamond does not have the same origin as the 1.9 eV emission band in the CL spectra in phosphorous-doped dia mond.
Summarizing, a new luminescence peak is observed at 1,9 eV in the CL spectra of diamond, which is related to the presence of phosphorous. On this broad peak, no zerophonon line is observed, implying that very probably it is not a vibronic transition between local levels. This transition is only detected with CL; it could not directly be excited with PL with an laser energy of 2.54 eV), as can the siliconvacancy complex, but only via the diamond host material. The excitation energy must exceed the band gap of diamond to excite this transition, as is the case with the band-A transition.12 This behavior is different from that of the broad red emission band, observed by Freitas et a l in type lib boron-doped synthetic diamond.15 The latter emission band, peaking at 1.84 eV> could be observed using sub-band gap excitation by laser light of energies of 3.53 eV (351 nm), 2.41 eV (514 nm), and 2.33 eV (532 nm), which are lower than the band gap energy of diamond. During the present experiments the 1.9 eV red luminescence could not be ex cited by laser of an energy of 2.54 eV, which is in the same energy range as used in Ref. 15. It is generally believed that the relatively broad band-A luminescence originates from electron-hole recombination at donor-acceptor pairs.18 Thus far, band-A emission is known to occur in the range between 2.1 and 3.1 eV. However, since the properties of the above described 1.9 eV emission line are comparable to those of band-A luminescence, we suggest that this CL line is a phosphorous-induced variant of band-A luminescence.
A possible explanation for the origin of the 1.9 eV emis sion may be obtained from the spin-polarized ab initio cal culations on phosphorous in diamond by Jones et a l 19 It has been found that phosphorous in the presence of vacancies forms a phosphorous-vacancy (P-V) complex, similar to the split-vacancy Si-V complex. These complexes act as deep acceptors with an energy level, situated at 2.7 eV below the conduction band,19 i.e., 2.8 eV above the valence band. No internal transitions are possible for the ionized defect. How ever, if substitutionally incorporated phosphorous is consid ered to be a deep donor with an activation energy of 1.1 eV, as is shown theoretically5 as well as experimentally,7 donoracceptor recombination can take place at pairs of substitu tional phosphorous and the P-V complex, leading to band-A-like emission. Analogous to the calculation of the lum i nescence energy of the transition between substitutional ni trogen and the P-V complex given by Jones et al.,{9 for this electron-hole recombination process an energy of around 2,1 eV can be derived. In this calculation a distance between c donor and acceptor of 0.5 nm (Ref. 19) has been taken; it will decrease with increasing donor-acceptor pair separation (e.g., for a separation distance of 1.0 nm a luminescence energy of 1.85 eV w ill be derived). Therefore, the 1.9 eV band-A-like emission may be the result of the above de scribed transition between substitutional phosphorous and a P-V complex.
In conclusion, an intense red luminescence band at 1.9 eV is revealed in phosphorous-doped CVD diamond. Since this luminescence could not be excited by an A r+ laser light of 2.54 eV and no zero-phonon line has been observed, it is proposed that it is a red form of band-A luminescence, re lated to electron-hole recombination at substitutional phos phorous and a P-V complex.
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